immobilize metals along with specially selected plant species. The main aim of phytostabilization is decreasing the risk of metals entering the food chain by limiting their capture by plants and decreasing leaching as a result of erosion and surface runoff [4] . Aided phytostabilization, on the other hand, relies on applying plants and soil additives for the physical stabilization of soil as well as the chemical immobilization of contaminants. Mineral sorption materials can be successfully applied as effective soil additives aiding the above-mentioned technique [6] [7] . Plant species undergoing phytostabilization lower the bioavailability of toxic substances in the soil by emitting compounds (e.g., phenolic compounds, phytosiderophores, organic acids) into the rhizosphere [8] . Various grass species, including red fescue (Festuca rubra L.), turned out to be the most useful in the phytostabilization of heavy metals in soils [9] .
In connection with the above, studies were assumed whose aim was to determine the infl uence of chalcedonite and dolomite applied to soil contaminated with Zn on the effectiveness of the process of aided phytostabilization by determining mobility and redistribution of Zn on Festuca rubra L., the concentration of Zn in soil, and determining bioconcentration (BCF) and translocation (TF) factors. Carrying out pilot studies under conditions of a pot experiment will make it possible to identify the mechanisms of soil contamination with Zn and enable the technique of aided phytostabilization to be optimized prior to its practical application in situ.
Material and Methods

Plant Growth Experiment
The greenhouse experiment was carried out in 5.0 kg polyethylene (PCV) pots containing soil contaminated with Zn, amended with chalcedonite and dolomite, and vegetated with F. rubra (cv. Dark) plants. Simulated soil contamination with Zn was introduced in the following doses (mg . kg -1 of soil): 0 (control), 200, 400, and 600, with the soil also fertilized with a macro-and micronutrient fertilizer mixture. The soil, obtained from the surface layer of a non-contaminated site in an agricultural area, was air-dried and sieved through a 2 mm mesh screen. ) 24.12. The soil samples were thoroughly mixed and allowed to stabilize under natural conditions for three weeks before being used in the growth experiment. Two natural mineral-based amendments, i.e., chalcedonite, and dolomite, were mixed in with the soil in the amount of 3.0% (each). Soils without Zn and amendments (0.0%) were designated as the control. The experiment was assessed with three replications. The plants were watered every other day with distilled water to 60% of the maximum water-holding capacity of the soil by adding deionized water. They were harvested after 46 days (at the shooting stage), and the soil was collected.
Characteristics of Amendments
Chalcedonite is a siliceous rock found mainly in volcanic rocks. Among the many places that this mineral appears throughout the world (e.g., Brazil, India, Kazakhstan, Slovakia, and Germany), it can be found in Poland, among others, in the area of Złotoryja, Wałbrzych, and Inowłódz. Dolomite is a calcium and magnesium carbonate created in natural conditions. The mineral crystals are colourless, but depending on the types of additives, can take on other colours. Dolomite rocks are widespread throughout the world, including in Poland. They create geological formations, e.g. the Alps. In Poland, they are found mainly in Upper and Lower Silesia, near Chrzanow, Jelenia Góra, and Złoty Stok. Both minerals are commonly used in many fi elds, including industry, construction, and environmental engineering, but have not, as of yet, been applied as a means of aiding the technique of phytostabilization. Sorbents used in this experiment are characterized by their properties causing soil pH increase, which is one of the main mechanisms in the phytostabilization technique.
Chalcedonite was purchased from Chalcedon Poland ; organic matter according to Tiurin's method; P and K content according to the Egner-Riehm method [11] ; and Mg content according to the atomic absorption spectrometry method following extraction using the Schachtschabel method [12] . A modifi ed version of the EPA 3051A method was used in the digestion of soils. Briefl y, 1.0 g of soil was weighed in a vessel and 9 mL of nitric acid with a concentration of 1.40 g . cm -1 , and 1 mL of a 30% H 2 O 2 (Chempur, Poland) was added. The digestions were carried out in a Milestone microwave oven (Start D, Italy). After fi ltration, the digestion products were adjusted to 100 mL volume with deionized water. The concentrations of Zn in the diluted extracts were measured by means of atomic absorption spectrometry (AAS) using an iCE-3000 spectrophotometer (Thermo Scientifi c, USA). Triplicates were performed for each sample.
Plant Analysis
At the end of the experiment, the plants were harvested and the roots and shoots separated, washed with tap water, and rinsed with distilled water. Dry weight was measured after drying the plants in an oven at 105ºC for 24 h. The dried samples were ground in a mill (Retsch type ZM 300, Hann, Germany) and then stored at 4ºC protected from light in clean polyethylene containers for later chemical analysis. Zn was determined by atomic absorption spectrometry (AAS) using an iCE-3000 spectrophotometer (Thermo Scientifi c, USA). Triplicates were performed for each sample. All reagents were of analytical reagent grade unless otherwise stated. Stock solutions of metals (1000 mg 
Calculations and Statistical Analyses
The bioconcentration coeffi cient (BCF roots ) and translocation factor (TF) were used to understand the capability of Zn to accumulate in the roots of Festuca rubra L. and translocate to aboveground parts of the plant, and were calculated as follows: BCF roots = Zn concentration in roots/Zn concentration in soil, and TF = Zn concentration in aboveground parts/Zn concentration in roots [13] .
All treatments were replicated three times. The means and standard deviations (±SD) were calculated using Microsoft Offi ce Excel 2010. Statistical analyses of results were performed using the Statistica program, v. 10.0.
Results and Discussion
Biomass Response of F. rubra to Zn Contamination and Application of Amendments
The results of earlier experiments show a metal immobilizing effect on plant biomass after the application of mineral sorbents (i.e., halloysite, zeolite, limestone, and calcium oxide) in pot experiments [14] [15] . The results showed that the growth of the tested plant was signifi -cantly affected by the dose of the Zn-contaminant and the applied amendments. The effects of chalcedonite and dolomite on the biomass production of F. rubra grown in Zn-contaminated soils are shown in Fig 2. A concentration of Zn in soil of 600 mg . kg -1 significantly decreased (nearly fourfold) the biomass of F. rubra. As reported by Yadav [16] , Zn at high soil concentrations (150 to 300 μg
) is strongly toxic to plants, while its phytotoxicisty is largely dependent on the plant species as well as the plant development stage [17] [18] . Zn contamination in Populus alba drastically changed leaf morphology and ultrastructure [19] . Vijayarengan and Mahalakshmi [20] , in turn, showed that Zn toxicity decreased the length of the roots and shoot, as well as the area of the leaves in Solanum lycopersicum L. A visual symptom of problems resulting from the toxic effect of Zn in plants is the chlorosis of young leaves caused by Mn defi ciency [21] . In the carried out study, F. rubra did not show any visible symptoms of Zn toxicity or nutrient defi ciency when grown on the contaminated soil with amendments. The greatest average aboveground biomass was observed in cases of amending soil with chalcedonite (38%) as compared to not applying any of these substances to the soil. Dolomite also had a positive, though lesser, infl uence. In another experiment conducted by Radziemska et al. [22, 3] , chalcedonite and halloysite added to soil contaminated with heavy metals caused an increase in L. perenne and B. juncea biomass. Moreover, Wyszkowski and Radziemska [15, 23] confi rm that zeolite increased the average yield of plants (oat, spring barley, and maize) grown on soil polluted with Cr(VI). Areas contaminated with heavy metals generally represent a low level of plant cover growth, and deprived of vegetation, soils are prone to erosion and leaching, which can lead to the movement of heavy metals to further components of the natural environment. This supports the application of methods of aided phytostabilization, while the use of mineral sorbents has a signifi cant positive effect on the amount and quality of plant cover as has been proven by studies.
Zn Accumulation and Translocation of F. rubra
Zn is an element that is considered to be essential for proper plant growth and development as it is a component of many enzymes and, moreover, takes part in carbohydrate, protein, and phosphate metabolism [24] . Defi ciencies as well as excessive amounts of this element can have a negative effect on plants, with the line between its defi ciency and toxicity being very easy to cross. With an increase in the Zn concentration of soil, Zn accumulation increased in all parts of the F. rubra, with the content in the roots being much higher than in the shoots (Fig. 3) . In the control, Zn concentrations (in mg . kg -1 dry weight) varied between 60.42 and 201.27 in the shoots, and between 68.09 and 226.64 in the roots. Data found in literature confi rm the existence of a correlation between total Zn content in soil and its concentration in plants [25] [26] [27] . Zn in its divalent state (Zn 2+ ) is the most pervasive form found in soil and most available to plants [28] . The present research reveals that the application of chalcedonite and dolomite had an infl uence on the average Zn content in F. rubra. The highest reduction of Zn contents (20%) was observed in the aboveground parts of the tested plant species grown in soil containing dolomite, as compared to the uncontaminated soil. These results were similar to another experiment conducted by Radziemska et al. [3, 14, 29] , where the heavy metal contents in the aboveground parts of Z. mays, B. juncea, and L. perenne were affected by the application of mineral sorbents (i.e., zeolite, halloysite, limestone, chalcedonite, and dolomite). The roots of the test plat contained 22% more Zn as compared to the control group when dolomite was applied to the soil.
Plant species suitable for phytostabilization should be characterized by a BCF>1 and TF<1 [3] . The results obtained for BCF roots and TF are shown in Table 1 . The highest values of the BCF roots for Zn were observed for dolomite treatment. TF, on the other hand, was <1 for all series of the experiment, assuming the lowest value also in the case of treatment with dolomite. In an experiment by Abad-Valleet et al. [30] where sepiolite was added to soil contaminated with heavy metals, TF values for F. rubra varied from 0.058 to 0.065.
Soil Properties after Applying Amendments
Soil pH is one of the most important factors directly infl uencing the bioavailability of metals and their take up by the roots of plants [31] . Soils with a neutral pH, as compared to acidic soils, bind much higher amounts of heavy metals, while these metals are less soluble compounds, as a result of which they are less available to plants. The total content of heavy metals in the soil is, in addition to pH, one of the most important factors infl uencing the absorption of heavy metals and their content in a plant. High levels of heavy metals in the soil restrict the uptake of micro-and macroelements, as well as preventing the movement of ions necessary for proper metabolism, such as Ca, Mg, Fe, P, and Zn from the roots to the shoots [3] . In the presented research, the pH of soil solutions increased following the addition of mineral sorbents (control 5.62 ±0.10, chalcedonite 6.12 ±0.06, and dolomite 7.02 ±0.12). In the series lacking mineral additives, increasing doses of contamination caused a successive increase in the pH of soil. The greatest increase was 1.40 pH units, observed after dolomite was added to the soil. The studies of Shaheen and Rinklebe [32] showed that alkaline substances are more useful when used as substances neutralizing the acidity of soil, caused by the introduction of additives, e.g., organic ones. Wang et al. [33] reported that availability of Zn to the roots of Thlaspi caerulescens decreased with increases in soil pH. Total Zn concentrations in soil depend on the dosage of soil contaminants and the type of amendments added (Fig. 4) . The application of dolomite led to a signifi cant decrease in Zn concentrations in soil as compared to the control pots. In an earlier experiment conducted by Radziemska and Mazur [22] , the addition of zeolite, halloysite, diatomite, and limestone to soil contaminated with heavy metals caused a signifi cant decrease of Zn in the soil.
Conclusions
Contamination of soil by heavy metals, including Zn, poses a real threat to the safety of food and the public, and is now emerging as a major health hazard to humans and plants. The present study clearly showed that soil phytostabilization techniques can be useful for alleviating the adverse effects of Zn deposition in the food chain. Natural mineral adsorbents such as chalcedonite and dolomite have great advantages in the aided phytostabilization of Zn-polluted soils, including high performance, universal applicability, and simplicity of use. The effi ciency of phytostabilization depends on the plant species and soil amendments used. The best amendments are: not toxic to plants, easy to handle and produce, inexpensive, and, most importantly, safe for workers who apply them. In the presented research, the greatest average above-ground biomass of F. rubra was observed in cases of amending soil with chalcedonite. Zn accumulated in the roots, thereby reducing its toxicity to the aerial parts of the plant. The application of dolomite to soil contaminated with Zn contributed to a signifi cant increase in pH values and turned out to be most effective when it came to reducing total Zn content. It should be stated that the positive results of the carried out pot experiment should next be implemented in a fi eld experiment and their longterm effects monitored. 
